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[57] ABSTRACT 

A biodegradable polymer is provided for use in provid- 
ing syringeable, in-situ forming, solid biodegradable 
implants for animals. The polymer is placed into the 
animal in liquid form and cures to form the implant 
in-situ. A thermoplastic system to form said implant 
comprises the steps of dissolving a non-reactive poly- 
mer in biocompatible solvent to form a liquid, placing 
the liquid within the animal, and allowing the solvent to 
dissipate to produce the implant. An alternative, ther- 
mosetting system comprises mixing together effective 
amounts of a liquid acrylic ester terminated, biodegrad- 
able prepolymer and a curing agent, placing the liquid 
mixture within an animal and allowing the prepolymer 
to cure to form the implant. Both systems provide a 
syringeable, solid biodegradable delivery system by the 
addition of an effective level of biologically active agent 
to the liquid before injection into the body. 

19 Claims, 2 Drawing Sheets 
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s^r^ss, ir^.^ 0 ;^. Jttr^^-r-" a drug or — «- 

pocket such as a periodontal pocten „ A, ^uKdf«o «f su ^ tance ca ? able ? f producing an effect on a body, 
the eye. For drug-delivery Wms htJSfi? ' 5 ° f ,he present invemion - «*refoi£ to 

iL PO f y TK nC , n,atn ^ M 1,16 imp,ant so,idifies - ^- videtaplanulMvii.ri^ofp^S^sS^ 
dX,in ,hCn f ? U ° WS the general "*» for e,a *°nieric to hartand *&Z£Tbt2£™£ 

diffusion or dissolution of a drug from within a poly- >5 both soft and hard tissue b ' e W " n 

menc matrix. ^ ' 

Another embodiment of the invention is also pro- BRIEF DESCRIPTION OF THE FIGURES AND 

vided, namely, a thermosetting system comprising the TABLES 

2™ of crosslinkable polymers which are Mode- FIG- » illustrates the synthesis of acrylate-terminated 
gradable and which can be formed and cured in-situ. *> Prepolymers and subsequent croutiSSSX^^St 

The thermosetting system comprises reactive, liquid caI initiators; 8 * Iree radl 

ohgomenc polymers which contain no solvents and FIG ; 2 illustrates structures for the random copoly- 

wmcn cure m place to form solids, usually with the mer of «-caprolactone and L-lactide initiated with a 

addition of a curing catalyst. diol; 

The multifunctional polymers useful in the thermo- 25 T ab,e 1 * a summary of the bifunctional PLC pre- 
setting system are first synthesized via copolymeriza- P°lymers synthesized; F 
tion of either DL-lactide or L-lactide with €-caprolac- Tab,e 2 is a summary of the acrylic ester terminated 
tone using a multifunctional polyol initiator and a cata- P re P°lymers synthesized; and 
lyst to form polyolterminated prepolymers. The polyol- Tab,e 3 is a summary of curing studies 

of the alcohol terminus with acryloyl chloride via a n INVENTION 
Sohotten-Baumann-like technique, i.e., reaction of acyl .. "f preSent mvention "tales to biodegradable, in- 
na ides with alcohols. The acrylic ester-terminated pre- „ MtU fo ™ un 8 'mplants and methods for producing the 
polymers may also be synthesized in a number of other ** me J 71,e P resent invention also relates to a liquid bio- 
ways, including but not limited to, reaction of carbox- de « radab,e polymeric delivery system that can be in- 
ylic acids (i.e., acrylic or methacrylic acid) with alco- E 0 ^."^ a **** where il forms a "M and releases a 
hols, reaction of carboxylic acid esters (i.e., methyl b '°J?«J ca Hy active agent at a controlled rate. Two types 
acrylate or methyl methacrylate) with alcohols bv „„ orbl ? , W«W* polymeric systems are described: ther- 
transesterification, and reaction of isocyanatoalkyl ac ^P 1881 ' 0 polymers dissolved in a biocompatible sol- 
rylates (i.e.. isocyanatoethyl methacrylate) with alco- u the ™ ose »«n8 polymers that are liquids with- 
hols. ' out the use of solvents. 

The liquid acrylic-terminated prepolymer is cured A. Thermoplastic System 
preferably by the addition of benzoyl peroxide or azo-' « r Ul *™* to *«' system is provided in which a solid, 
bisisobutyronitrile, to a more solid structure. Thus for ' meaMfeun \ b «odegradable polymer is dissolved in a 
an implant utilizing these crosslinkable polymers ' the b ' ocom P at,ble solvent to form a liquid, which can then 
catalyst is added to the liquid acrylic-terminated' pre- kTJ ""wed via a syringe and needle. Examples of 
polymer immediately prior to injection into the bodv b,ode 8 ra dable polymers which can be used in this appli- 
Once inside the body, the crosslinking reaction wili «« ^'f" are 1 poly ' a J c, i^ polyglycolides. polycaprolac- 
proceed until sufficient molecular weight has been ob- ^ ' . P° 1 >'. anh y dndes . polyamides. polyurethanes. 
tamed to cause the polymer to solidify. The liquid pre- E°i ,' . Po'yortnoesters, polydioxanones, 
polymer, when injected, will flow into the cavity or P°'y acetals ' polyketals, polycarbonates, polyorthocar- 
space in which it is placed and assume that shape when ^uua P 0, yP hos P h azenes, polyhydroxybutyrates, 
it solidifies. For drug delivery utilizing this system << £ yMroxyvalerates, polyalkylene oxalates, polyal- 
biologically active agents are added to the liquid E ™ succmates, poly(malic acid), poly(amino acids), 
mer systems in the uncatalyzed state polyvinylpyrrolidone, polyethylene glycol, polyhy- 
In both the thermoplastic and the thermosetting sys- ' ^v'"' P hitosan - and copolymers, ter- 
tems, the advantages of liquid application are achieved ^rifi?'™ comblna V ons , or mixtures of the above 
For example, the polymer may be injected via svrinee „ f! \ I he pre / erred Polymers are those which have 
and needle into a body while it is in liquTd form J2Z iSf 5 ° crvsta,,izati <>» ^ « more hydro- 
left in-situ to form a solid biodegradable infant stnS hie i„ ,1, k "^l? ™ d copoJ y me « a «= more solu- 
ture The need to form an incision is dtai2KS!e Sline nW^TT* the high,y Crvs " 
implant will assume the shape of its cavity Further! S hT T^ h " V?p&*>to* ™* chitin which 
more, a drug-delivery vehicle may be provided b add 6< W*?*? of Mrogen-bonding. Preferred 
ing a biologically active agent to J%£?S£t 3fi&£? ?" ,aelm « ^ 
injection. Once the implant is formed, it will release the SS^ST" . ^W. 01 * 1 ™*' a nd copolymers of 
agenuo the body and th en bl o d e grad e.T h ^et^ tZZSTS^StST ~ ^ 




antihistamines, cardioactive agents, non-steroidal anti- 
inflammatory agents, antiparkinsonian agents, antihy- 
pertensive agents, ^-adrenergic blocking agents, nutri- 
tional agents, and the benzophenanthridine alkaloids. 
To those skilled in the art, other drugs or biologically 5 
active agents that can be released in an aqueous envi- 
ronment can be utilized in the described injectable de- 
livery system. Also, various forms of the drugs or bio- 
logically active agents may be used. These include with- 
out limitation forms such as uncharged molecules, mo- 10 
lecular complexes, salts, ethers, esters, amides, etc., 
which are biologically activated when injected into the 
body. 

The amount of drug or biologically active agent in- 
corporated into the injectable, in-situ, solid forming 15 
implant depends upon the desired release profile, the 
concentration of drug required for a biological effect, 
and the length of time that the drug has to be released 
for treatment. There is no critical upper limit on the 
amount of drug incorporated into the polymer solution 20 
except for that of an acceptable solution or dispersion 
viscosity for injection through a syringe needle. The 
lower limit of drug incorporated into the delivery sys- 
tem is dependent simply upon the activity of the drug 
and the length of time needed for treatment. 25 

In all cases, the solid implant formed within the injec- 
table polymer solution will slowly biodegrade within 
the body and allow natural tissue to grow and replace 
the impact as it disappears. Thus, when the material is 
injected into a soft-tissue defect, it will fill that defect 30 
and provide a scaffold for natural collagen tissue to 
grow. This collagen tissue will gradually replace the 
biodegradable polymer. With hard tissue such as bone, 
the biodegradable polymer will support the growth of 
new bone cells which will also gradually replace the 35 
degrading polymer. For drug-delivery systems, the 
solid implant formed from the injectable system will 
release the drug contained within its matrix at a con- 
trolled rate until the drug is depleted. With certain 
drugs, the polymer will degrade after the drug has been 40 
completely released. With other drugs such as peptides 
or proteins, the drug will be completely released only 
after the polymer has degraded to a point where the 
non-diffusing drug has been exposed to the body fluids. 

B. Thermosetting System 45 

The injectable, in-situ forming biodegradable im- 
plants can also be produced by crosslinking appropri- 
ately functionalized biodegradable polymers. The ther- 
mosetting system comprises reactive, liquid, oligomeric 
polymers which cure in place to form solids, usually 50 
with the addition of a curing catalyst. Although any of 
the biodegradable polymers previously described for 
the thermoplastic system can be used, the limiting crite- 
ria is that low-molecular-weight oligomers of these 
polymers or copolymers must be liquids and they must 55 
have functional groups on the ends of the prepolymer 
which can be reacted with acryloyl chloride to produce 
acrylic ester capped prepojymers. 

The preferred biodegradable system is that produced 
from poly(DL-lactide-co-caprolactone), or "DL- 60 
PLC". Low-molecular-weight polymers or oligomers 
produced from these materials are flowable liquids at 
room temperature. Hydroxy-terminated PLC prepoly- 
mers may be synthesized via copolymerization of DL- 
lactide or L-lactide and c<aprolactone with a multi- 65 
functional polyol initiator and a catalyst. Catalysts use- 
ful for the preparation of these prepolymers are prefera- 
bly basic or neutral ester-interchange (transesterifica- 
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tion) catalysts. Metallic esters of carboxylic acids con- 
taining up to 18 carbon atoms such as formic, acetic, 
lauric, stearic, and benzoic are normally used as such 
catalysts. Stannous octoate and stannous chloride are 
the preferred catalysts, both for reasons of FDA com- 
pliance and performance. 

If a Afunctional polyester is desired, a Afunctional 
chain initiator such as ethylene glycol is employed. A 
trifunctional initiator such as trimethylolpropane pro- 
duces a trifunctional polymer, etc. The amount of chain 
initiator used determines the resultant molecular weight 
of the polymer or copolymer. At high concentrations of 
chain initiator, the assumption is made that one Afunc- 
tional initiator molecule initiates only one polymer 
chain. On the other hand, when the concentration of 
Afunctional initiator is very low, each initiator mole- 
cule can initiate two polymer chains. In any case, the 
polymer chains are terminated by hydroxyl groups, as 
seen in FIG. 1. In this example, the assumption has been 
made that only one polymer chain is initiated per bi- 
functional initiator molecule. This assumption allows 
the calculation of a theoretical molecular weight for the 
prepolymers. 

A list of the Afunctional PLC prepolymers that were 
synthesized is given in Table 1. Appropriate amounts of 
DL-lactide, c-caprolactone, and ethylene glycol were 
combined in a flask under nitrogen and then heated in 
an oil bath at 155* C. to melt and mix the monomers. 
The copolymerizations were then catalyzed by the ad- 
dition of 0.03 to 0.05 wt % SnCh. The reaction was 
allowed to proceed overnight. The hydroxyl numbers 
of the prepolymers were determined by standard titra- 
tion procedure. The Gardner-Holdt viscosities of the 
liquid prepolymers were also determined using the pro- 
cedures outlined in ASTM D 1545. The highest 
molecular-weight prepolymer (M W = 5000) was a solid 
at room temperature; therefore, its Gardner-Holdt vis- 
cosity could not be determined. 

The diol prepolymers were converted to acrylic- 
ester-capped prepolymers via a reaction with acryloyl 
chloride under Schotten-Baumann-like conditions, as 
seen in FIG. 2 and summarized in Table 2. Other meth- 
ods of converting the diol prepolymers to acrylic-ester- 
capped prepolymers may also be employed. 

Both THF and dichloromethane were evaluated as 
solvents in the acylation reactions. Several problems 
were encountered when THF was used as the solvent. 
The triethylamine hydrochloride formed as a by-pro- 
duct in the reaction was so finely divided that it could 
not be efficiently removed from the reaction mixture by 
filtration. Triethylamine hydrochloride (Et3N.HCl) has 
been reported to cause polymerization of acrylic species 
(U.S. Pat. No. 4,405,798). In several instances, where 
attempts to remove all of the Et3N.HCl failed, the acry- 
lic-ester-capped prepolymers gelled prematurely. Thus, 
to effectively remove all of the Et3N.HCl, it was neces- 
sary to extract the prepolymers with water. For reac- 
tions carried out in THF, it is preferred that one first 
evaporate the THF in vacuo, redissolve the oil in 
CH2CI2, filter out the Et 3 N.HCl, and then extract the 
CH2CI2 layer with water. Stable emulsions were some- 
times encountered during extraction. The acylations 
were later carried out in CH2CI2 instead of THF. The 
filtration of Et3N.HCl from the reaction mixture was 
found to be much easier using this solvent, and the 
organic fraction could be extracted directly with water 
after filtration. 
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dure as described in Example 1 showed that the higher 
drug loadings gave a lower fractional rate of release as 
normally obtained for matrix delivery systems with 
diffusional release. The 2%-loaded formulation gave 
65% release after 1 day, 75% after 2 days, and 88% 5 
after 5 days; the 7%-loaded formulation gave 48% re- 
lease after 1 day, 52% after 2 days, and 58% after 5 
days; and the 14%-loaded formulation gave 38% re- 
lease after 1 day, 43% after 2 days, and 49% after 5 
days. 10 

EXAMPLE 6 

Poly(DL-lactide-co-glycolide) was prepared by the 
ring-opening polymerization of a mixture of DL-lactide 
and glycolide using lauryl alcohol as the initiator and 15 
stannous chloride as the catalyst. The proportions of the 
two monomers were adjusted so that the final copoly- 
mer(DL-PLG) had a 50:50 ratio of the two monomers 
as determined by nuclear magnetic resonance spectro- 
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1 day approximately 32% of the drug was released, 
40% after 2 days, 57% after 5 days, 64% after 6 days, 
75% after 7 days, 82% after 9 days, 92% after 12 days, 
and 100% after 14 days. 

EXAMPLE 10 

DL-PLA with an inherent viscosity of 0.26 dL/g and 
a theoretical molecular weight of approximately 10,000 
daltons was prepared by the ring-opening polymeriza- 
tion of DL-lactide using lauryl alcohol as the initiator 
and stannous chloride as the catalyst. The polymer was 
dissolved in NMP to give a 50% by weight polymer 
solution. A quantity of the polymer solution (100 ^iL) 
was injected subdermally into rabbits, and the tissue 
reaction was compared to that of a USP negative plas- 
tic. The test sites were evaluated for signs of local irrita- 
tion, in accordance with the Draize method, immedi- 
ately after injection, at 1 and 6 hours post injection, and 
once daily thereafter until scheduled sacrifice at 7, 14 or 



photometry. The initiator was also adjusted to give a 20 21 days. The reaction at the test sites was equivalent to 



copolymer with a theoretical molecular weight of 1500 
daltons. The copolymer was dissolved in NMP to give 
a 70% by weight polymer solution. SaCl was added to 
this solution to give a 2% by weight dispersion of the 



that at the control USP negative plastic. The polymer 
solution (100 p,L) was also administered subgingivally 
into sites created by dental extractions in Beagle dogs. 
Control sites were flushed with saline solution. The 



drug in the polymer solution. The release of drug from 25 dogs were examined daily for signs of mortality, phar- 



this formulation was determined using the same proce- 
dure described in Example 1. A much lower release rate 
was obtained from the copolymer than from the DL- 
PLA oligomer or DL-PLA 2000 molecular weight 
materials. After 2 days approximately 7% of the drug 30 
was released, 10% after 5 days, 12% after 7 days, and 
16% after 14 days. 



macotoxic effects, body weights, and local gingival 
irritation. The animals were sacrificed at 15 and 21 days. 
No distinct differences were noted between the control 
and test sites. 

EXAMPLE 1 1 



DL-PLA with an inherent viscosity of 0126 dL/g 
EXAMPLE 7 a molecular weight of about 10,000 was dissolved in 

_ _ ^ t NMP to give a 50% by weight polymer solution. SaCl 

SaEt was added to the same solution of DL-PLG in 35 was added to the polymer solution to give a 2.4% by 
NMP as described in Example 6 to give a 2% by weight weight dispersion. This material was loaded into a 1-cc 
solution of the drug. The release of drug from this for- disposable syringe fitted with a 23-gauge biunted-end 
mulation was determined by the same procedure as syringe needle, and the material was inserted into the 
described previously. The release rate of SaEt from this periodontal pocket of a greyhound dog. The material 
formulation was identical to that for SaCl described in 40 flowed easily out of the narrow syringe tip. The poly- 
Example 6. mer precipitated or coagulated into a film or solid mass 

EXAMPLE 8 when lt contacted tne saNva m( * fl uid within the pocket. 

The dog was observed over a time of 2 weeks during 
Tetracycline as the free base (TCB) was added to the which the mass of material remained within the pocket, 
same solution of DL-PLG in NMP as described in Ex- 45 adhering to tissue surrounding the pocket, and slowly 
ample 6. The drug dissolved completely in the polymer changing color from a light orange to a pale white. The 
solution to give a 2.4% by weight solution of the drug. crevicular fluid from the pocket containing the implant 
The release of the drug from this formulation was deter- was sampled during this 2- week period using Periostrips 
mined by a similar procedure to that described in Exam- which are small strips of paper that are placed at the 
pie 1 except the receiving fluid was not acidified to a pH 50 entrance to the periodontal pocket to wick up small 



of 2.76 and the concentration of TCB was determined 
by UV absorption at the wavelength appropriate for the 
drug. The release of TCB from this formulation was 
more linear and at a much higher rate than that for SaCl 
or SaEt from the same copolymer. After 1 day approxi- 
mately 44% of the drug was released, 54% after 2 days, 
68% after 5 days, 73% after 6 days, 80% after 7 days, 
87% after 9 days, 96% after 12 days, and 100% after 14 
days. 

EXAMPLE 9 

Tetracycline as the hydrochloride salt (TCH) was 
added to the same solution of DL-PLG in NMP as 
described in Example 6. The salt form of the drug also 
dissolved completely in the polymer solution. The re- 
lease of drug from this formulation was determined as 
described in Example 8 and found to be similar to that 
for the free base except for a slightly lower rate. After 



quantities of the crevicular fluid within the pocket. The 
volume of fluid collected is determined using a Perio- 
tron which measures the changes in conductance of the 
paper strip. The Periotron is calibrated before use with 
55 a known volume of serum. The paper strip containing 
the collected fluid is then extracted with a solution of 
0.5% by volume of hydrochloric acid in methanol and 
injected into a liquid chromatograph where the quantity 
of drug is determined by reference to a known concen- 
60 tration of the same compound. The quantity of SaCl 
extracted from the paper strip is divided by the quantity 
of crevicular fluid collected to calculate the concentra- 
tion of drug in the fluid. With this technique, the con- 
centration of SaCl within the crevicular fluid from the 
65 periodontal pocket with the polymeric delivery system 
was determined to be almost constant during the 2 
weeks of observation. The SaCl concentration in the 
crevicular fluid was 63.2 /xg/mL after 3 days, 80.2 



